Introduction {#s1}
============

Micro-electro-mechanical systems (MEMS) surface-micromachining technologies have been used to fabricate neural electrodes for interfacing with the nervous system, and these neural electrodes have been widely accepted for use in electrophysiological investigations (Najafi et al., [@B17]; Campbell et al., [@B1]; Wise and Najafi, [@B36]; Metz et al., [@B14]; Rousche et al., [@B25]; Stieglitz and Gross, [@B29]; Takahashi et al., [@B31]; Takeuchi et al., [@B34]; Hollenberg et al., [@B8]; Cheung et al., [@B4]; Mercanzini et al., [@B13]; Chen et al., [@B3]; Myllymaa et al., [@B16]; Jackson et al., [@B9]; Rothschild, [@B24]; Muthuswamy et al., [@B15]). Existing MEMS-based neural electrodes, however, cannot satisfy the increasing demand for improved quality of recorded signals and for the integration of other functions.

For example, a flexible neural electrode was recently proposed to minimize mechanical mismatch between the electrode and tissue after the electrode\'s implantation for a stable long-term recording, but it lacks a mechanical function to fixate tissue. Thus, there is a need for new designs that offer flexibility with a tissue fixation structure. Another example is the demand for the capability to record electrical and chemical neural activities simultaneously by integrating a neural electrode with a microdialysis probe (Ludvig et al., [@B12]; Obrenovitch et al., [@B19]; Gruss et al., [@B6]). This requires precise patterning of recording electrodes on the non-flat surface of the guide cannula of a microdialysis probe. Other issues of interest are designs and fabrication processes that allow easy and rapid optimization depending on experimental requirements (i.e., alignment, diameter, and pitch of recording microelectrodes) (Hanna and Johnson, [@B7]; Takahashi et al., [@B32]).

Meeting these demands requires further advances in MEMS-based fabrication methods. Here we propose a method based on photosensitive-polyimide (PSPI). PSPI is a photosensitive material that can be precisely patterned by photolithography on flat surfaces. In this study, we first examined the material properties of PSPI. On the basis of the results, we demonstrated the advantages of the PSPI-based fabrication method by fabricating three different types of neural electrodes: an electrocorticogram (ECoG) electrode (or epidural surface electrode), a mesh intracortical electrode, and a guide cannula electrode of a microdialysis probe. A standard neural ECoG electrode was developed to evaluate the efficacy of the fabrication process. The mesh intracortical electrode was designed to have a mesh structure in an insertion site as an anchor for fixating tissue in order to alleviate mechanical mismatch and follow the movement of brain micromotion. To examine whether our method can be used to pattern recording electrodes on non-flat surfaces, we applied it to the curved surface of a guide cannula of a microdialysis probe for simultaneous recording of electrical and chemical neural activities. The fabricated neural electrodes were evaluated by *in vivo* electrophysiological experiments using anesthetized rats.

Methods {#s2}
=======

Choice of materials
-------------------

Compared with conventional flexible materials, such as non-PSPI and poly (chloro-para-xylylene) (Parylene-C), PSPI provides similar good dielectrics with excellent thermal stability and high flexibility, good mechanical and electrical properties, and high chemical resistance as shown in Table [1](#T1){ref-type="table"}. The important advantage of PSPI over more conventional polymers is that PSPI is a light-curable polymer, or in other words, a photosensitive material. This permits optimal light-curing conditions, which means only one photosensitive material is required for fabrication (details are described in Shrinkage Effect Of Curing Process of Results). An *in vitro* study (Sun et al., [@B30]) suggested that PSPI is not cytotoxic and does not induce adverse biological effects, which offers excellent long-term stability. As mentioned above, unlike other conventional flexible materials, PSPI does not need to be dry etched (Figure [1](#F1){ref-type="fig"}) for neural electrode fabrication. The elimination of the dry etching process simplifies the time-consuming processes requiring multilevel schemes (Figures [1A-5](#F1){ref-type="fig"}--[A-9](#F1){ref-type="fig"}) and reduces equipment and maintenance cost. Photolithographic patterning is also advantageous in that the patterning substrate is not limited to one with a flat surface. Thus, PSPI allows flexible design architectures and fabrication of multichannel neural electrodes with more options for optimization of the configuration and size depending on the experimental purposes, with improvement of process yields.

###### 

**Physical properties of flexible materials and silicon**.

  **Physical properties**       **Photosensitive material**   **Non-photosensitive material**                
  ----------------------------- ----------------------------- --------------------------------- ------------ -----------
  Tensile strength \[MPa\]      215                           350                               68.9         12013
  Young\'s modulus \[GPa\]      2.5                           8.54                              2--5         130--190
  Glass transition \[°C\]       285                           \>400                             87--89       none
  Volume resistivity \[Ω cm\]   \>10^16^                      \>10^16^                          \>10^16^     none
  Dielectric constant \[ε r\]   3.2--3.3, 1 MHz               2.9, 1 MHz                        3.1, 1 kHz   12, 1 kHz
  Water absorption \[%\]        0.06                          \>0.4                             1.08         none

![**Schematic diagram of the manufacturing process for the ECoG electrode with MEMS surface-micromachining technologies. Column (A):** Conventional fabrication method for non-photosensitive material (non-PSM). **Column (B)**: Fabrication method in this study for photosensitive material (PSM). Dry etching process is green color area from **(A-5)** to **(A-9)**. **(A-1)** Cr is deposited on glass on substrate. **(A-2)** Non-PSM is deposited. **(A-3)** Chromium/gold is deposited and the recording microelectrodes and hard wiring are patterned. **(A-4)** Non-PSM is deposited again. **(A-5)** Aluminum is deposited as a mask for plasma etching. **(A-6)** Aluminum mask is patterned for the outer geometry and the through-holes of the ECoG electrode. **(A-7)** Non-PSM is patterned to define the outer geometry and the through-holes of the ECoG electrode by plasma etching. **(A-8)** Aluminum mask is patterned for the outer geometry, the exposed recording microelectrode sites, and the through-holes by plasma etching. **(A-9)** Non-PSM is patterned to expose the outer geometry, the exposed recording microelectrode sites, and the through-holes by plasma etching. **(A-10)** Aluminum is removed. **(A-11)** The ECoG electrode is lifted off. **(B-1)** Cr is deposited on glass on substrate. **(B-2)** PSM is deposited on substrate. **(B-3)** PSM is patterned to define the outer geometry and the through-holes of the ECoG electrode. **(B-4)** Chromium/gold is deposited and the recording microelectrodes and hard wiring are patterned. **(B-5)** PSM is deposited again. **(B-6)** The outer geometry, the exposed recording microelectrode sites, and the through-holes of the ECoG electrode are patterned. **(B-7)** The ECoG electrode is lifted off. Large box at the bottom is a magnified illustration of a through-hole.](fneng-05-00011-g0001){#F1}

A number of commercial PSPIs are available today, such as the Fujifilm Durimide series, Toray Industries PW-1000 series, and HD microsystem PD series. Among them, we chose Fujifilm Durimide 7510 (Fujifilm Electronic Materials Co., Ltd., Tokyo, Japan) because the theoretical coating thickness ranges from 3 to 15 μm, which is adequate for neural electrodes, and because its good biocompatibility has already been shown in an *in vitro* study (Sun et al., [@B30]). Further, its physical properties, such as Young\'s modulus and volume resistivity, are almost equivalent to those of other conventional flexible materials (see Table [1](#T1){ref-type="table"}).

Metals, such as Au, Ir, Pt, and W, are widely used in neural electrodes for the individual recording microelectrode sites, interconnect lines, and connection pads. For this study, we selected Au because of its low resistance, flexibility, and biocompatibility (Loeb et al., [@B11]; Charlson et al., [@B2]; Takeuchi et al., [@B33]). With a Young\'s modulus of 78 GPa, Au has enough flexibility for neural electrodes compared to Ir, Pt, and W, whose respective Young\'s moduli are 529, 152, and 345 GPa. With this flexibility, the electrode will give enough to follow brain movement without fracturing. Further, due the low adhesiveness between Au and polyimide, a thin chromium film was also coated on the first polyimide layer to improve the Au\'s adhesiveness.

Shrinkage effect of curing process
----------------------------------

PSPI was imidized by thermal curing to increase resistance to solvents and basic solutions. The imidization leads to shrinkage of PSPI in-plane and orthogonal to the substrate. The amount of this shrinkage should be taken into consideration when fabricating an electrode in order for final products to have desired dimensions. Thus, we examined the anisotropic shrinkage effect of the thermal curing in soft-baked and hard-baked PSPI. To determine the thickness of the base substrate, we formed a U-shaped line-and-space (L/S) pattern at 1000 rpm of spin-coating speed for L/S = 50/50 μm and 2000 rpm for L/S = 25/25 μm. We tested 4000 rpm of spin-coating speed for patterning PSPI into a 20 μm gap shape and tested a 10 μm-circular shape to define the thickness of the recording microelectrode\'s sites. PSPI was spin-coated on a glass substrate and soft-baked in an oven at 60°C for 2 min and at 100°C for 5 min to remove solvent. It was exposed through a photomask and etched using solvent developers into each shape. The coating was then post-baked to remove residual solvent and improve solvent resistance. The temperature was gradually raised in 50°C increments to 350°C every 10 min and then maintained at 350°C for 1 h. The profile of the cured PSPI was measured with a laser microscope (VK-8500, Keyence, Osaka, Japan) and a profilometer (Alpha-Step, Tencor Instruments, Mountain View, CA, USA). The coating thickness was also measured for spin-coating speeds from 1000 to 5000 rpm.

Designs of neural electrodes
----------------------------

To demonstrate the feasibility of PSPI-based fabrication for neural electrodes, we built three different types of neural electrodes. The spin-coating speeds and size limitations were determined from the results of an analysis of the shrinkage effect of the curing process (See Shrinkage Effect Of Curing Process in Results and Discussion). First, we designed an ECoG electrode for the less invasive multichannel recordings of ECoGs. The ECoG electrode is placed epidurally on the neocortex, particularly, rat auditory cortex. In our design, the through-holes for soldering pins of the connector are located on the connector side so that the recording side and connector side can be placed on opposite faces without unwanted deformation. Further, the flexibility of the PSPI-based ECoG electrode allows it to fit the curved cortical surface and follow brain movement, such as a cardiac and respiratory pulsation. For the ECoG electrode, the diameter of the recording microelectrodes was 100 μm, and the pitches of the recording microelectrode sites were 500 μm on the dorso-ventral axis and 700 μm on the rostral-caudal axis. The placement area of recording microelectrode site was 2.9 × 1.2 mm (excluding the most ventro-rostral part of the electrode), and the overall placement area was 4.6 × 2.0 mm. The area of the overall auditory cortex in rat is approximately 4 × 3 mm (Sally and Kell, [@B27]; Kilgard and Merzenich, [@B10]; Polley et al., [@B23]; Ohl et al., [@B20]), and the designed ECoG electrode would cover the anterior and primary auditory cortex. The diameter of 100 μm and pitch of 700 μm were chosen because they are appropriate dimensions for observing the spatially distributed response of the characteristic frequency (Ohl et al., [@B20]; Polley et al., [@B23]). The configuration of the through-holes was designed for the cross-sectional area of 0.30 × 0.11 mm so that there would be enough space for the pin of the connector (Nanoconnector, Omnetics Connector Corp, Minneapolis, MN, USA; cross-sectional area of 0.20 × 0.06 mm) to pass through and thereby be easy to solder.

Second, we designed a mesh structure in a mesh intracortical electrode by eliminating an excess parts of the insulation layers that were not mechanically and electronically required for signal recording. Neural tissue fills the spaces in lattice-like mesh of the wire and the insulated part as it returns after having been pressed downward by the electrode\'s insertion. In this way, the neural tissue becomes fixated. Considering the effect of shrinkage and expansion of the top and bottom faces of PSPI, we assumed that a PSPI-based fabrication method would allow precise patterning for the fabrication of a complicated and fine mesh structure. From the results of the examination of the shrinkage effect of the curing process (See Shrinkage Effect Of Curing Process in Results and Discussion), we found that the insulation layers sandwiched more than a 25% larger margin of the width in the metalized interconnection line, which would prevent unwanted exposure of the metalized area and thereby ensure excellent electrical insulation. We made the area of the recording microelectrode in the metallization layer larger than the aperture area in the top insulation layer by more than 20%. This was done to prevent delamination of the recording microelectrode. Thus, for the dimensions of the mesh intracortical electrode, we chose a respective diameter and pitch of recording microelectrode sites of 40 and 80 μm, a reference electrode size of 30 × 180 μm, interconnection line width of 15 μm, an insulated mesh width in the mesh structure area of 30 μm, the minimum space between insulated mesh area of 20 μm, and the implantation length of 2645 μm.

Third, we used PSPI patterning to design and fabricate electrodes on a curved surface, particularly on the guide cannula of a microdialysis probe for simultaneous recording of electrical and chemical neural activities. Earlier methods inserted a recording electrode into a guide cannula (Obrenovitch et al., [@B19]) or attached a recording electrode to a guide cannula, which were independently fabricated (Ludvig et al., [@B12]; Gruss et al., [@B6]). Our method, in which an electrode is fabricated directly on the surface of a guide cannula, is advantageous over these earlier methods. This is because we can place a number of electrode sites at desired locations on the cannula without increasing the total volume. Further, our method preserves an advantage of conventional guide-cannula-based methods in that it allows us to replace the microdialysis probe in case of failure while keeping the guide cannula and the recording sites in place. In order to achieve precise control of the etching conditions to expose the recording microelectrodes and the patterning of the hard wiring on the curved surface of the guide cannula, we applied only a wet process for this fabrication with PSPI and electrodeposition resist. PSPI was used for the base and insulating layers. Chromium-gold patterned with electrodeposition resist as a sacrificial layer was used for individual recording microelectrode sites, interconnect lines, and connection pads. The guide cannula electrode was designed to record a local field potential from rat auditory cortex. Its dimensions were as follows: interconnection line width of 50 μm, minimum space between interconnection lines of 50 μm, largest interconnection line length of 1915 μm, diameter of recording microelectrode sites of 100 μm, distances of recording microelectrode sites from the tip of 100, 300, and 1800 μm, and implantation length of 10 mm. The recording microelectrode at the farthest side from the tip was also used as a reference electrode.

Fabrication of neural electrodes
--------------------------------

We used only a wet chemical patterning process to fabricate PSPI-based neural electrodes with a MEMS surface-micromachining technique. Similar structures and processes have been previously reported (Najafi et al., [@B17]; Wise and Najafi, [@B36]; González and Rodríguez, [@B5]; Stieglitz et al., [@B28]; Rousche et al., [@B25]; Takeuchi et al., [@B34]). The fabrication process is depicted in Figure [1](#F1){ref-type="fig"}. The same method was used for the fabrication of the ECoG and mesh intracortical electrodes. A first thick layer of PSPI was spin-coated at 1600 rpm on a Cr-coated glass substrate to a thickness of about 15 μm. A Cr layer was used to lift-off the fabricated electrode in the final step without any breakage. The PSPI coating was soft-baked at 60°C for 2 min and 100°C for 5 min. It was exposed through a photomask and etched using solvent developers into an outline of the neural electrodes. The coating was then post-baked, where its temperature was gradually raised in 50°C increments to 350°C every 10 min and then maintained at 350°C for 1 h. Next, a metallization layer composed of 500 Å of chromium and 3000 Å of gold was deposited by vacuum evaporation and structured by using the lift-off technique for individual recording microelectrode sites, interconnect lines, and connection pads. Then, a second PSPI layer with a thickness of about 3 μm was spin-coated at 5000 rpm. The PSPI coating was soft-baked at 60°C for 2 min and 100°C for 3 min. The second coating was wet-etched to define the electrode sites and the outer geometry of the neural electrodes and then fully cured to insulate the metallization layer. It was exposed through a photomask and etched with solvent developers into an outline of the neural electrodes. The coating was post-baked by using the same method as for the first PSPI layer. Then, a protective resist (OFPR800, Tokyo Ohka Kogyo Co., Ltd., Kanagawa, Japan) was coated to prevent damage to the through-holes of the ECoG and to the mesh structure of the mesh intracortical electrode during the release process. Both electrodes were then released by wet etching (Ferric Chloride, Tsurumi Soda Co., Ltd., Kanagawa, Japan) the Cr layer on glass substrates. After removal of the protective resist by immersion in acetone, the final process, assembly of the fabricated neural electrodes with a connector, was performed. A plastic plate was manually cut with a blade and bonded to the connector side of the electrodes with an epoxide-based adhesive (Araldite, Huntsman Advanced Materials, Basel, Switzerland). This was done to reinforce the base of the connector side of the neural electrode for the repeated connection and removal of a buffer amplifier. A connector (Nanoconnector, Omnetics Connector Corp) was then soldered to the gold connector pads of the electrodes. Further, an epoxide-based adhesive was applied to the connector region as insulation and a shield from contact with tissue.

Figure [2](#F2){ref-type="fig"} illustrates the fabrication process for the guide cannula electrode of the microdialysis probe. This process was similar to that of the ECoG and the mesh intracortical electrodes. First, the microdialysis probe was taken apart and the stainless-steel guide cannula (0.4 mm ID, 0.5 mm OD) was removed. The hole of the guide cannula was covered with epoxy (High Super 5, Cemedine Co., Ltd., Tokyo, Japan). This was done to keep impurities out of the guide cannula and prevent the microdialysis membrane from breaking when it is inserted in the guide cannula. Next, in order to insulate the stainless-steel guide cannula, PSPI was spin-coated at 2500 rpm on the curved surface of the guide cannula in an upright position. The PSPI coating was soft-baked at 60°C for 2 min and 100°C for 15 min with the upright position maintained. This process was done for one side of the guide cannula first and then repeated for the other side. The coating was then post-baked by using the same condition as in the process for the ECoG and the mesh intracortical electrodes. A metallization layer of chromium and gold was deposited by vacuum evaporation and structured by using the lift-off technique for individual recording microelectrode sites, interconnect lines, connection pads, and slits near both ends as cutoff marks. An electrodeposited coating (Elecoat EU-XC, Shimizu Co., Ltd., Osaka, Japan) was used as a sacrificial layer. A second PSPI layer with a thickness of about 2 μm was coated and cured by using the same method as for the first PSPI layer. The second PSPI coating was wet-etched to define the recording microelectrode sites and then fully cured to insulate the metallization layer. We used a dicer to cut the guide cannula to the optimal length at the slits (DAD-2H/6T, Disco Corporation, Tokyo, Japan), and soldered the connector to it. Finally, the connector region was covered with black rubber adhesive (Y-902, SOMAY-Q TECHNOLOGY Corporation, Ibaraki, Japan) and the screw cap and microdialysis membrane were assembled.

![**Schematic diagram of the manufacturing process for the guide cannula electrode of the microdialysis probe. (A)** The hole of the stainless-steel guide cannula is covered with epoxy. **(B)** Photosensitive-polyimide is deposited on the guide cannula. **(C)** Chromium/gold is deposited and recording microelectrodes, hard wiring, and slit are patterned. **(D)** Photosensitive-polyimide is deposited again. **(E)** Exposed recording microelectrode and connector sites are patterned. **(F)** The guide cannula is cut to the optimal length at the slit.](fneng-05-00011-g0002){#F2}

Electrical characteristics
--------------------------

The impedances of the recording electrodes were measured to characterize the recording sites. The measurement was performed with an LCR meter (LCR HiTESTER 3522-50, Hioki E. E. Corporation, Nagano, Japan) at 100 Hz, 1 kHz, 10 kHz, and 100 kHz. The recording sites were fully immersed in a 0.9% saline solution (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) and then measured at room temperature.

*In vivo* neural recordins
--------------------------

All animal experiments were performed in accordance with the "Guide for Care and Use of Laboratory Animals" (Institute for Laboratory Animal Research, National Research Council) and were approved by the Animal Experimental Committee of NTT Communication Science Laboratories. After the animals (male Wistar rats with weight of 300--400 g, and 3--6 months old) had been given an intra-muscular injection of atropine sulfate (0.2 mg/kg), they were anesthetized with an intra-muscular injection of a 2:1 mixture of ketamine hydrochloride (50 mg/kg) and xylazine (10 mg/kg). Additional injections of a 3:1 mixture of ketamine hydrochloride and xylazine were given to maintain the animal in an areflexic state. The body temperature of the animal was maintained with a heating pad and monitored. The anesthetized animal was fixed to a stereotaxic instrument and the skin on the head was incised to expose the skull surface. A head holder was then mounted between the bregma and lambda on the skull and fastened to the stereotaxic instrument to immobilize the head during the recording sessions. The temporal bone was removed to expose the auditory cortex, and the occipital bone was removed to expose the cerebellum. After a small slit had been carefully opened in dura matter, the mesh intracortical electrode was inserted into the cerebellum to record the spontaneous neural activities, and the guide cannula electrode was inserted into the auditory cortex to record the auditory evoked potentials (AEPs). The mesh intracortical electrode was coated with molten glucose of polyethylene glycol (PEG) (\#4000 MW2700-3500, Nakalai Tesque, Inc., Kyoto, Japan) to improve the mechanical stiffness of a flexible insertion site and thereby facilitate insertion (PEG dissolves in the brain, after implantation.). The ECoG electrode was epidurally placed on the auditory cortex to record the AEPs without removal of the dura matter.

The neural recordings were performed in an electrically shielded, darkened sound-attenuated room. For AEP recordings, auditory stimuli were delivered from a speaker (TS-T70, Pioneer Corporation, Kanagawa, Japan) placed 10 cm from the head. Stimuli were 50 ms broadband noise at 20-, 40-, and 80-dB SPL and 50 ms tone bursts of 1, 4, and 16 kHz at 80-dB SPL with a rise and fall time of 5 ms for recording by the ECoG electrode, or 100 ms tone bursts of 10 kHz at 70-dB SPL with a rise and fall time of 5 ms for recording by the guide cannula electrode. The recorded responses of the AEPs for the ECoG electrode were amplified with a band-pass filter (0.3--3.0 kHz) (RA16, Tucker-Davis Technologies, Inc., Alachua, Florida, USA) and digitized at a sampling rate of 12,207 Hz with an RX5 system (Tucker-Davis Technologies, Inc.). The recorded responses of the AEPs for the guide cannula electrode were amplified with a band-pass filter (0.1 Hz--3.0 kHz) (DAM80, World Precision Instruments, Inc., Sarasota FL, USA) and digitized at a sampling rate of 12,207 Hz with an RA8GA (Tucker-Davis Technologies, Inc.) and RX5 system. The spontaneous neural activities recorded by the mesh intracortical electrode were amplified with a band-pass filter (0.3--3.0 kHz) (RA16, Tucker-Davis Technologies, Inc.) and digitized at a sampling rate of 24,414 Hz with an RX5 system. These data were then stored on a computer hard disk for offline data analyses (Matlab, The Mathworks, Inc., Natick, MA, USA). The recorded AEP data were averaged across 100 trials. The DC bias of the average AEP for each channel was removed by subtracting the mean value for the 0.5 s prestimulus period from the data. The spikes from the mesh intracortical electrode were isolated by custom-made window discriminator software in which the amplitude threshold was set at four standard deviations, and inter-spike intervals were longer than 1 ms. The signal-to-noise ratio (SNR) was defined as the peak-to-peak amplitude of each waveform divided by twice the standard deviation of the data from the isolated data (Nordhausen et al., [@B18]). Once the recording had been completed, the animal was killed with an intraperitoneal injection of a lethal dose of sodium pentobarbital.

Results {#s3}
=======

Shrinkage effect of curing process
----------------------------------

We examined the effect of the shrinkage of PSPI thicknesses. As shown in Figure [3](#F3){ref-type="fig"}, the mean shrinkage of the thickness from soft-baked to post-baked PSPI was 23.46% ± 2.12 (mean ± SD) from 1000 to 5000 rpm. The large thickness showed slightly smaller shrinkage vertically than the small one. This result shows that the shrinkage effect was smaller for our chosen PSPI (Fujifilm Durimide 7510) than for the previously reported Probimide 7520 PSPI (Arch Chemicals, Columbus, OH, USA), which shrank vertically by about 40--50% during the curing process (Rousche et al., [@B25]). The fact that the PSPI used in this study shrinks in a similar manner horizontally and vertically during the curing process is evidence that it offers better performance in terms of design and processing than the previously reported PSPI.

![**Cured film thickness and spin-speed curves for Fujifilm Durimide 7510**.](fneng-05-00011-g0003){#F3}

Table [2](#T2){ref-type="table"} summarizes the shrinkage effect results. At 1000 and 2000 rpm, the top face seemed to pull inside, leading to about 20% shrinkage. Shrinkage in the bottom face was slightly smaller than in the top face, which may be due to the substrate support. At 4000 rpm, the gap or circular shapes expanded to become about 10--15% larger at the top and bottom faces. The stretch of the gap shape at the bottom face was smaller than at the top face, whereas the stretch of the circular shape was almost equivalent between the top and bottom shapes.

###### 

**Shrinkage effect of curing process**.

                                     **Soft-baked**   **Hard-baked**                  
  --------------- ------------- ---- ---------------- ---------------- ------ ------- -------
  1000            Top face      50   50.3             0.6              40.4   −19.2   −19.7
                  Bottom face        64.5             29.0             53.4   6.8     −17.2
  2000            Top face      25   24.8             −0.8             19.8   −20.8   −20.2
                  Bottom face        30.7             22.8             25.9   3.6     −15.6
  4000 (gap)      Top face      20   20.6             3.0              23.9   19.5    16.0
                  Bottom face        17.3             −13.5            19.1   −4.5    10.4
  4000 (circle)   Top face      10   9.8              −2.0             11.2   12.0    14.3
                  Bottom face        7.3              −27.0            6.3    −37.0   −13.7

On the basis of the examination results and discussion (See Discussion), we chose the coating spin speed of 1600 rpm for base layer thickness of about 15 μm to ensure sufficient mechanical stiffness for placement on or insertion into brain tissue, and 5000 rpm for top insulating layer thickness of about 3 μm to minimize the bump between the metallization layer and top layer for smooth contact with brain tissue. In the mesh intracortical electrodes, the insulated probe width in the mesh area was 30 μm and the minimum space between the probes was 20 μm. The area of the recording microelectrode in the metallization layer (50 μm in diameter) was more than 20% larger than the aperture area in the top layer (40 μm in diameter) (See Designs Of Neural Electrodes in Methods). A 2500 rpm coating speed was chosen for the PSPI of the guide cannula. The ideal thickness was about 10 μm, but we expected thickness smaller than 10 μm because the coating was done with the upright position and some of the uncured PSPI may have flowed to the bottom.

Neural electrode fabrication
----------------------------

The three different architectures of PSPI-based multichannel flexible neural electrodes-ECoG, mesh intracortical, and guide cannula were successfully designed and fabricated. Photographs of the three fabricated neural electrodes are shown in Figure [4](#F4){ref-type="fig"}. Table [3](#T3){ref-type="table"} lists the sizes in the photomask designs and fabricated neural electrodes, which show the overall shrinkage and expansion effect of the fabrication. In the fabrication process, we did not observe delamination between the bottom PSPI layer and the chromium-coated glass substrate nor in the metal layer sandwiched by the PSPI. The thin and complicated mesh structure in the mesh intracortical electrode was lifted off from the wafer by coating a protective resist. No breakage in the mesh structure was observed. This indicates a stable fabrication process at lower cost with improvement of process yields. The processing time was about 12--15 h in our fabrication environment (excluding the time for designing and fabricating the photomasks).

![**Photographs of the fabricated ECoG electrode, mesh intracortical electrode, and guide cannula electrode of the microdialysis electrode. (A)** Overview of the fabricated neural electrode. **(B)** Magnified view of recording microelectrodes or connector sites. **(C)** Back face of the connector side of the ECoG electrode. **(D)** Magnified view of a through-hole for connector pins in the ECoG electrode. **(E)** Back face of connector side fitted with soldering pins of connector in the ECoG electrode.](fneng-05-00011-g0004){#F4}

###### 

**Dimensions of the fabricated photosensitive-polyimide-based multichannel neural electrodes**.

  **Description**                                       **ECoG electrode**     **Mesh intracortical electrode**   **Guide cnnula electrode**                                                               
  ----------------------------------------------------- ---------------------- ---------------------------------- ---------------------------- ------------------------- ------------- ------- --- --- --- --
  Number of recording microelectrodes                   16                     16                                 −                            5                         5             −       −   −   −   
  Diameter of recording microelectrode                  100                    108.5 ± 1.5                        8.5                          40                        43.7 ± 0.1    9.3                 
  Pitch of recording microelectrode site                500 (dorso-ventral)    487.6 ± 1.3                        −2.5                         80                        74.5 ± 0.6    −6.9                
                                                        700 (rostral-caudal)   685.7 ± 1.6                        −2.0                                                                                     
  Interconnection line                                  25                     24.9 ± 0.8                         −0.4                         15 (mesh area)            10.3 ± 1.2    −31.3   −   −   −   
                                                                                                                                               15 (probe area)           14.3 ± 0.3    −4.7                
  Minimum space between interconnection lines           25                     24.5 ± 0.6                         −2.0                         35 (mesh area)            39.8 ± 0.9    13.7    −   −   −   
                                                                                                                                               35 (probe area)           34.5 ± 0.4    −1.4                
  Probe width                                           1500                   1499.50                            0.0                          310                       321.7 ± 0.7   3.8     −   −   −   
  Insulated probe widthin mesh area                     −                      −                                  −                            30 (the most left side)   28.8 ± 0.6    −4.0    −   −   −   
                                                                                                                                               30 (mesh area)            22.6 ± 0.6    −24.7               
  Minimum space between insulated probes in mesh area   −                      −                                  −                            20                        27.8 ± 0.7    39.0    −   −   −   
  Length of short-side of through-holes                 110                    116.4 ± 2.3                        5.8                          −                         −             −       −   −   −   
  Length of long-side of through-holes                  300                    307.5 ± 4.7                        2.5                          −                         −             −       −   −   −   

As shown in Table [3](#T3){ref-type="table"}, most of the dimensions of the fabricated neural electrodes were not significantly different from the designed ones. In the mesh intracortical electrode, large shrinkages were found in the interconnection line and the insulated probe width in the mesh area, and expansions were observed in the size of the reference electrode and the minimum space between insulated probes in the mesh area. These shrinkages and expansions may be due to the small area of the substrate support, but this effect could be minimized by improving the adhesion between the bottom face of the PSPI and the glass substrate. Since delamination and breakage were not observed under processing, this was not fatal for recording neural signals. The shrinkage effect of the ECoG electrode was not large compared to that in the curing test. The shrinkages were about a few percent or less than 8.5%. The reason for this small shrinkage may be that the chromium layer on the glass substrate improves adhesiveness between the materials. Due to the curved surface of the guide cannula electrode, we were, unfortunately, only able to measure the shrinkage effect of the recording microelectrodes with the microscope.

As shown in Figure [6](#F6){ref-type="fig"}, the proposed shape of the guide cannula electrode for the microdialysis probe was achieved by using PSPI-based microfabrication technology. No delamination of the PSPI and no breakage were observed during the fabrication process. This implies that the coated PSPI tightly adhered to the curved surface of the guide cannula. The ideal coating thickness was about 10 μm, but it was about 2 μm after the post-baking. This indicated that some of the spin-coated PSPI flowed to the bottom due to the upright position in the coating and curing processes, but the upright position allowed uniform coating on the cylindrical surface. The coating thickness of 2 μm also showed stable physical properties of electric and mechanical insulation. The results for the guide cannula electrode showed that our PSPI-based photolithographic patterning is not limited to a flat surface.

Electrical characteristics
--------------------------

The measured recording microelectrodes\' impedances are shown in Figure [5](#F5){ref-type="fig"}. At 1 kHz, the average impedance ranged from 196.8 ± 27.8 kΩ for the 100 μm diameter ECoG electrode, 211.6 ± 17.6 kΩ for the 100 μm diameter guide cannula electrode, and 777.5 ± 205.7 kΩ for the 40 μm diameter mesh intracortical electrode. Figure [5A](#F5){ref-type="fig"} shows that the recording microelectrode\'s impedance tended to decrease with increasing frequency, probably reflecting the frequency effect on the capacitance in the metal-electrolyte interface, if we assume a typical equivalent circuit (Rubehn et al., [@B26]).

![**Impedance spectroscopy results for the fabricated PSPI-based neural electrodes.** The recording microelectrode\'s impedances were measured in a 0.9% saline solution at room temperature. **(A)** The average magnitude of recording microelectrode\'s impedance for the 100 μm diameter of the ECoG electrode and the guide cannula electrode, and the 40 μm diameter of the mesh intracortical electrode, respectively. **(B)** The average phase of recording microelectrode\'s impedance.](fneng-05-00011-g0005){#F5}

*In vivo* recording of neural activities
----------------------------------------

In acute animal experiments, the three types of the flexible neural electrodes were successfully placed on or inserted into rat cortex. The ECoG electrode was placed on and fitted to the dura on the cortex. Neither breakage of an electrode nor injurious stress to the cortex was observed during the recording sessions, indicating that the ECoG electrode has sufficient flexibility. The mesh intracortical electrode was coated with the PEG and followed a straight trajectory to the cortex. None of the features bent, buckled, or delaminated. This shows that the mesh intracortical electrode with a PEG coating has sufficient mechanical stiffness for insertion into brain tissue and good flexibility after the PEG dissolves. The guide cannula electrode was also successfully inserted in the cortex without any breakage.

The electrophysiological performance of the neural electrodes was evaluated by conducting acute recordings in the auditory cortex or cerebellum of anesthetized rats. We succeeded in recording AEPs from the surface of the auditory cortex by all 16-channel recording microelectrodes of the ECoG electrode. Two examples of the recorded AEPs are shown in Figure [6](#F6){ref-type="fig"}. Figures [6A-C](#F6){ref-type="fig"} show the responses to the level-dependent activities of the broadband stimuli. The responses were confirmed in the broad recorded area because the stimuli contained a wide range of frequencies. Figures [6D-F](#F6){ref-type="fig"} show that the activities shift with sound frequency, as expected from the tonotopic organization of the auditory cortex (Sally and Kell, [@B27]; Kilgard and Merzenich, [@B10]; Ohl et al., [@B20]; Polley et al., [@B23]). These frequency-dependent areas appeared in an orderly sequence along 4 mm in the rostro-caudal direction (Sally and Kell, [@B27]; Kilgard and Merzenich, [@B10]; Ohl et al., [@B20]; Polley et al., [@B23]). In the anterior auditory cortex, large responses were observed to high frequencies in the rostral area and in the area between the anterior and primary auditory cortex, and to low frequencies in the caudal area of the primary auditory cortex. This indicates that the ECoG electrode was placed over the area of the anterior and primary auditory cortex, with the recording area of 2.9 × 1.2 mm in the 16-channel ECoG electrode capable of measuring AEPs on the auditory cortices. We expect that recording microelectrodes with smaller site diameters and optimized site arrangements would reveal the tonotopy in the auditory cortex more precisely. The ECoG electrodes are considered to have sufficient strength and durability because the recorded AEPs remained stable for more than 24 h even if the ECoG electrode was reused several times. We assumed that the flexible ECoG electrode followed small movements due to breathing or other spontaneous movements and that the recording points were always applied with sufficient pressure for fitting to the dura of the cortex. The transparent property of PSPI permitted easy replacement of the ECoG electrode, meaning that we can adjust the locations of the recording microelectrodes to keep them away from cerebral vessels.

![**Auditory evoked potentials recorded from the auditory cortex of an anesthetized rat by the ECoG electrode.** The data shown here are averages across 100 stimulus presentations. **(A-C)** Auditory stimuli were 50 ms broadband noise at 20-, 40-, and 80-dB SPL, and **(D-F)** 50 ms pure tones of 1, 4, and 16 kHz at 80-dB SPL **(D-F)**. Each set of data represent the same alignment as that in the right-top picture, which shows the alignment of 16-channel recording microelectrodes.](fneng-05-00011-g0006){#F6}

We also succeeded in recording neural signals with the mesh intracortical electrode. Figure [7](#F7){ref-type="fig"} shows the recorded spontaneous activities. The inset shows spike waveforms that were detected with our spike-sorting software (see *In vivo* Neural Recordins in Methods) and had an SNR higher than 4. The spikes had durations of about 1 ms and amplitudes of 96 ± 9.0 (SD) μV, corresponding to SNRs of 4.7 ± 0.44 (SD). The SNR values fell to a lower range than those reported previously (4--7; Nordhausen et al., [@B18]; Vetter et al., [@B35]), probably because the recording microelectrode impedance was lower than that in the previous reports. In the recording experiment with the guide cannula electrode, the AEPs were also successfully recorded from the auditory cortex. Figure [8](#F8){ref-type="fig"} shows an averaged AEP in response to the tone burst stimuli.

![**Spontaneous activities recorded from rat cerebellar cortex by the mesh intracortical electrode.** Lower right shows a magnified view of the spike waveforms from the recorded spontaneous activities.](fneng-05-00011-g0007){#F7}

![**AEP recorded from the auditory cortex of an anesthetized rat by the guide cannula electrode of the microdialysis electrode.** The trace shown here is averaged AEP across 100 trials. Auditory stimuli were 100 ms tone bursts of 10 kHz at 80 dB SPL.](fneng-05-00011-g0008){#F8}

Discussion {#s4}
==========

For comparison, our fabrication method and 12 others for flexible material-based neural electrodes are listed in Table [4](#T4){ref-type="table"}. All of these fabrication methods produce flexible material-based neural electrodes. In comparison to the other methods which involve time-consuming processes or use material with size limitations, our method requires only one type of PSPI as an insulation material and the design and fabrication versatility can be expanded to various neural electrode architectures with fine patterning of non-flat substrate. Excluding the time for designing and fabricating the photomasks, the processing time in our fabrication environment is about 12--15 h, which satisfies the demand for fast and cost-effective fabrication for daily electrophysiological experiments depending on an experimental purpose. With a mask writer, such as D-light DL-1000 (NanoSystem Solutions, Inc., Tokyo, Japan), the processing time for fabricating a photomask with submicron patterning accuracy is less than a few hours, so that the time for mask fabrication does not have large effects on the total processing time.

###### 

**Comparison between methods for fabricating neural electrodes based on a flexible material**.

  **Investigators**              **Type of neural electrode**         **Insulation material**                                                         **Method to pattern insulation material**   **Metal material**   **Number of recording channels**   **Size of insertion/implantation site (length × width × thickness) \[mm\]**    **Size of recording electrode \[μm\]**          **Observation of neural activities**
  ------------------------------ ------------------------------------ ------------------------------------------------------------------------------- ------------------------------------------- -------------------- ---------------------------------- ------------------------------------------------------------------------------ ----------------------------------------------- --------------------------------------
  Rousche et al. ([@B25])        Intracortical                        Probimide 7520 (Arch Chemicals)                                                 Photosensitive                              Cr/Au                3                                  1.5 × 0.16 × 0.02                                                              20--40 × 20--40                                 Yes
  Metz et al. ([@B14])           Microfluid, Intracortical            PI-2732 (DuPont), PI-2611 (DuPont)                                              Photosensitive, O~2~ plasma                 Ti/Pt                [^a^](#TN1){ref-type="table-fn"}   [^a^](#TN1){ref-type="table-fn"} × [^a^](#TN1){ref-type="table-fn"} × \>0.03   50--200 × 50--200                               No
  Stieglitz and Gross ([@B29])   Intracortical                        Pyralin Pi-2611 (HD Microsystems)                                               Photosensitive, O~2~ plasma                 Ti/Pt, Ti/Au         5, 10                              2010 × 0.16 × 0.02, 1950 × 0.26 × 0.02                                         10 (diameter)                                   No
  Takahashi et al. ([@B31])      ECoG                                 Kapton 100H (Toray DuPont)                                                      Photosensitive, O~2~ plasma, YAG laser      Cr/Au                69                                 2.0 × 2.0 × 0.04                                                               80 × 80                                         Yes
  Takeuchi et al. ([@B33])       Intracortical                        PIX3400 (HD Microsystems)                                                       O~2~ plasma, DRIE, XeF~2~ etching           Ti/Al                3                                  1.2 × 0.16 × 0.025                                                             20 × 20                                         Yes
  Takeuchi et al. ([@B34])       Microfluid, Intracortical            Parylene (Specialty Coating Systems)                                            O~2~ plasma                                 Au                   1, 6                               [^a^](#TN1){ref-type="table-fn"} × [^a^](#TN1){ref-type="table-fn"} × 0.02     [^a^](#TN1){ref-type="table-fn"}                Yes
  Hollenberg et al. ([@B8])      ECoG                                 SU-8 (Kapton)                                                                   RF plasma, UV light                         Ti/Au                64                                 5.25 × 5.25 × 75                                                               150 (diameter)                                  Yes
  Cheung et al. ([@B4])          Intracortical                        PI-2611 (HD Microsystems), PI-2610 (HD Microsystems)                            O~2~ plasma                                 Ti/Pt                16                                 [^a^](#TN1){ref-type="table-fn"}× 0.035−0.195 × 0.015                          25 (diameter)                                   Yes
  Mercanzini et al. ([@B13])     Intracortical                        PI-2611 (HD Microsystems), PI-2610 (HD Microsystems)                            CF~4~ plasma, O~2~ plasma                   Ti/Pt                16                                 1.5 × [^a^](#TN1){ref-type="table-fn"}× 0.019                                  25 (diameter)                                   Yes
  Chen et al. ([@B3])            Intracortical                        PI-2611 (HD Microsystems)                                                       O~2~ plasma                                 Au                   16                                 1.1 × 0.22 × 0.063                                                             32 (diameter)                                   Yes
  Rubehn et al. ([@B26])         ECoG                                 polyimide U-Varnish S (UBE)                                                     O~2~ plasma                                 Pt                   252                                60 × 35 × 33                                                                   1000 (diameter)                                 Yes
  Myllymaa et al. ([@B16])       ECoG                                 Kapton HN film (DuPont), PI-2525 (HD Microsystems), PI-2771 (HD Microsystems)   Photosensitive, scissors and knife          Ti/Pt                8                                  [^a^](#TN1){ref-type="table-fn"} × [^a^](#TN1){ref-type="table-fn"} × 0.033    200 (diameter)                                  Yes
  Our method                     ECoG, Intracortical, Guide cannula   Fujifilm Durimide 7510 (Fujifilm)                                               Photosensitive                              Cr/Au                3, 5, 16                           4.6 × 2.0 × 0.02, 2.645 × 0.31 × 0.02, 10 × 0.25 × 0.012                       100 (diameter), 40 (diameter), 100 (diameter)   Yes

Not mentioned.

From the results on the shrinkage effect of curing process, we expected the deformation in the curing process between the photomask design and the post-baked design to be 15--20% of the matching error and the line shape to not be perpendicular but relatively bowl-like after the curing process. Thus, according to the material specifications and our results, the process limitation is as small as L/S = 5/5 μm and the margin in the photomask design should be an upper layer more than 20% wider than the bottom layer. Further, considering the success of fabrication on the non-flat surface, we can conclude that our method based on PSPI allows not only any precise design and fabrication of the various architectures of flexible multichannel neural electrodes listed in Table [4](#T4){ref-type="table"}, but also broadens the design flexibility and expands the fabrication capability.

The observed average impedance for the 40 μm diameter is slightly small for recording single- or multiunit neural activities, since the average impedance of similar flexible neural electrodes ranges from about 1--2 MΩ at 1 kHz (Rousche et al., [@B25]; Takeuchi et al., [@B33]), but the microelectrodes could still record single-unit activities. The recording microelectrodes may require narrowing of the exposed size from 40 to 30 or 20 μm. The impedance for 100 μm diameter is adequate for recording local field potentials (Takahashi et al., [@B31]; Hollenberg et al., [@B8]).

The integration of other functions with a neural electrode, such as the multichannel guide cannula electrode of the microdialysis probe in this study would advance our understanding of the mechanisms of neural interactions, including complex electrical and biochemical reactions. In previously proposed methods for combining a recording microelectrode with a microdialysis probe, a tungsten needle was glued to a guide cannula of a microdialysis (Gruss et al., [@B6]), a silver wire was inserted into a guide cannula (Obrenovitch et al., [@B19]), and a microdrive of bundled electrodes was glued to a guide cannula of a microdialysis probe (Ludvig et al., [@B12]). These methods of simply attaching a metal needle to a guide cannula are largely invasive due to the increment of probe\'s volume and make it difficult to precisely position the tip of recording microelectrodes to the target. In contrast, our method places the recording microelectrodes without increasing the volume and with precise control of their position. This lower invasiveness is another advantage of our method. In this study, we placed three recording microelectrodes on one side the guide cannula and also three on the other side after a 180° rotation (not shown in the figure). It would be technically possible to place additional microelectrodes by adopting finer rotation steps.

Regarding the insertion volume of neural electrodes, we found that a few hours might be needed to obtain stable recordings. With both the mesh intracortical electrode and the guide cannula electrode, it took more than 3 h after electrode insertion to the cortex until we could make stable recordings. This was probably because there was initially a large physical distance between the recording microelectrode sites and the target neurons due to the PEG coating on the insertion sites for the mesh intracortical electrode, and because the relatively large diameter of 0.5 mm caused local tissue injuries at electrode insertion for the guide cannula electrode. Although the coating on the insertion site of the mesh intracortical electrode should dissolve soon after implantation in the brain, it takes some time for the PEG to diffuse and be absorbed sufficiently to reduce the distance (Palmer, [@B21]). For the guide cannula electrode, we consider this amount of waiting time practically acceptable, because a few hour waiting time is required anyways as a part of the washout period in microdialysis experiments to obtain a table baseline. The waiting time may be shortened to 1--2 h (Obrenovitch et al., [@B19]) if perfusion in the microdialysis probe can be used to wash out an unwanted substance.

In conclusion, we have shown that PSPI-based photolithographic patterning permits not only a precise and complex geometry design but also fabrication on a non-flat substrate by considering the shrinkage effect of PSPI. The fabrication of various types of electrodes and their use in recording neuronal activities in acute animal experiments were successful. Although further research such as a chronic electrophysiological study is needed to show the long-term stability, this success makes us believe that this PSPI-based fabrication is a powerful method, permitting a flexible design, and the easy optimization of electrode architectures for a variety of electrophysiological experimental researches with improved neural recording performance.
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